background: The sensitivity of human oocytes to cryodamage may compromise their developmental competence following cryopreservation. Herein, we compared the ultrastructure and the response to the calcium (Ca 2+ ) ionophore A23187 of fresh, slow-frozen and vitrified metaphase II (MII) human oocytes. methods: Supernumerary fresh MII oocytes, donated under written informed consent, were cryopreserved through either a slow cooling procedure based on propane-1,2-diol and 0.3 M sucrose or a closed vitrification system based on dimethylsulphoxide (DMSO) and ethylene glycol (EG). Ultrastructure of fresh and cryopreserved oocytes was assessed by transmission electron microscopy and compared through morphometrical analysis; intracellular calcium ([Ca 2+ ] i ) dynamics was studied by evaluating the response to the Ca 2+ ionophore A23187.
Introduction
Cryopreservation of human oocytes represents a fundamental adjunct in assisted reproduction technologies. Although for several years the efficiency of oocyte cryopreservation has been rather unsatisfactory, refinement of slow-freezing methods and the introduction of vitrification have recently improved the clinical outcome of oocyte cryopreservation (Kuwayama et al., 2005; Bianchi et al., 2007; Parmegiani et al., 2008 Parmegiani et al., , 2009 Borini and Coticchio, 2009; Cobo et al., 2009 ). However, depending on the quality of oocytes, the method adopted, the timing of oocyte freezing, the timing of ICSI after thawing and the skill of operators, oocyte cryopreservation may reduce embryo competence to undergo normal development (Parmegiani et al., 2008; Vajta et al., 2009) .
The metaphase II (MII) oocyte represents the final product of molecular and cellular processes that confers the ability to normally fertilize, develop and produce a healthy offspring. Cellular and molecular alterations associated with osmotic forces produced during oocyte dehydration -rehydration cycles and/or by cryoprotectants may affect the molecular architecture of the meiotic spindle and chromatin, as well as the distribution and functionality of other cytoplasmic components. As a consequence, the competence for fertilization and preand post-implantation embryo development may be reduced or completely lost. Several papers have addressed the cryodamage that might be responsible for the loss of oocyte competence and most of them have investigated the action of cold or cryoprotectants on the depolymerization of the meiotic spindle (Johnson and Pickering, 1988; Rienzi et al., 2004; Larman et al., 2007a; Noyes et al., 2010) . Although this issue still remains controversial, there is general consent that spindle repolymerizes and restores the correct contacts with chromosomes during post-thawing culture (Gook and Edgar, 2007) . A few studies have addressed the possibility that the morphofunctionality and distribution of other organelles may be perturbed by cryopreservation and may be responsible for the reduction or loss of the oocyte developmental potential. In a recent study, we demonstrated that slow freezing with 1.5 M propane-1,2-diol (PrOH) and 0.3 M sucrose induces premature cortical granule (CG) exocytosis, causes an increase in vacuolization and affects the pericortical distribution of organelles as well as the morphofunctional integrity of mitochondria (Gualtieri et al., 2009) . These organelles play a key role in the generation of intracellular calcium ([Ca 2+ ] i ) transients at fertilization that may exert long-term effects on pre-and post-implantation development (Ozil and Huneau, 2001; Ducibella et al., 2002; Ozil et al., 2006) . We suggested that such cryoinjuries (Gualtieri et al., 2009) contribute to the reduced clinical outcome of the 0.3-M sucrose slow-cooling oocyte cryopreservation method reported by several research groups (Borini et al., 2006; La Sala et al., 2006; Levi-Setti et al., 2006) .
In the present paper, to test our hypothesis that [Ca 2+ ] i dynamics of cryopreserved oocytes might be compromised, we compared the incidence of ultrastructural damage and the [Ca 2+ ] i response to A23187 in fresh, vitrified and slow-frozen human MII oocytes.
Materials and Methods

Source of oocytes
Supernumerary fresh MII oocytes included in this study were collected from patients (mean age + SD: 35 + 4.2) whose infertility was due to a male factor or tubal factor. Oocytes were donated for research with written consent by patients undergoing IVF/ICSI procedures at the Centro Chemis IVF (Casa di Cura Ospedale Internazionale, Napoli, Italy) between April 2006 and February 2010.
All patients were down-regulated with GnRH analogue (Enantone Die; Takeda, Catania, Italy) commencing from Day 21 of the previous cycle and continuing up to the day of hCG administration. Ovarian stimulation was performed by a step-down protocol with a decreasing dose of gonadotrophins (Gonal-F 75 IU, Serono, Rome, Italy, or Puregon 50-100 IU, Organon, Oss, the Netherlands, and Menogon, Ferring Spa, Milan, Italy) until the day before hCG injection. Follicle development was monitored by ultrasound and E 2 measurements. Ovulation was induced by 10 000 IU of hCG (Gonasi HP 5000 IU; Amsa Srl, Rome, Italy) when at least two follicles ≥18 mm in diameter were observed, with E 2 concentrations corresponding to the number of follicles. Transvaginal ultrasound-guided oocyte retrieval was performed 35 h after hCG administration, under general anaesthesia.
Cumulus removal was performed by brief exposure to hyaluronidase (Cook, Milan, Italy) and mechanical manipulation with flexipets (Cook). Denuded oocytes were evaluated on a Nikon TE 2000 inverted microscope under Hoffmann modulation contrast, and only normally appearing oocytes at the MII stage were either directly processed for the analysis or cryopreserved as described below, within 2 -3 h of collection. Oocyte culture was performed in 20 ml drops of Cleavage Medium (Cook) under mineral oil (Cook) at 378C, 6% CO 2 .
Cryopreservation
Slow freezing/fast thawing was performed according to the original protocol based on 1.5 M PrOH and 0.3 M sucrose described by Fabbri et al. (2001) . All solutions were prepared using Dulbecco's phosphate-buffered saline (DPBS; Gibco, Life Technologies Ltd, Paisley, UK), PrOH (Fluka Chemika, Sigma-Aldrich SrL, Milan, Italy) and 20% serum protein supplement (SPS; MediCult, Florence, Italy) (DPBS-SPS). Procedures were performed at room temperature (RT) unless otherwise stated. MII oocytes were equilibrated in 1.5 M PrOH for 10 min, transferred to 1.5 M PrOH, 0.3 M sucrose for 5 min and loaded into plastic straws (Paillettes Crystal 133 mm; Cryo Bio System, France). A maximum of four oocytes were loaded into each straw, and then placed into the CryoMed Freezer 7457 (Thermo Forma, Marietta, OH, USA). Temperature was gradually decreased from 20 to 288C at a rate of 28C min 21 . Manual seeding was induced during the 10-min holding ramp at 288C. The temperature was decreased to 2308C at a rate of 0.38C min 21 and then to 21508C at a rate of 508C min 21 . The straws were plunged into liquid nitrogen and stored until thawing. Straws were thawed in air for 30 s and then into a 308C water bath for 40 s. Oocytes were treated in 1.0 M PrOH, 0.3 M sucrose for 5 min, equilibrated in 0.5 M PrOH, 0.3 M sucrose for 5 min and then in 0.3 M sucrose for 10 min. Finally, they were placed in DPBS-SPS for 10 min at RT then 10 min at 378C. The thawed oocytes were cultured in 20 ml drops of Cleavage Medium (Cook) under mineral oil at 378C, 6% CO 2 for 1 h before loading with the Ca 2+ indicator fluo-4/AM or for 2 h before fixation for transmission electron microscopy.
Vitrification
Vitrification and warming solutions were prepared in DPBS-SPS. Procedures were carried out at RT unless otherwise stated. Oocytes were vitrified with the use of closed devices (CryoTipw; Irvine Scientific, Santa Ana, CA, USA). Oocytes (1 -3) were placed in a 20-ml drop of DPBS-SPS and this was fused with a 20-ml drop of equilibration solution (ES) containing 7.5% vol/vol ethylene glycol (EG; Sigma-Aldrich) and dimethylsulphoxide (DMSO; Sigma-Aldrich). After 2 min, the merged drops were fused with a second 20-ml drop of ES and incubated for a further 2 min. Then, oocytes were transferred in a 20-ml ES drop for 3 min, and in three 20 ml drops of vitrification solution (VS), containing 0.5 M sucrose, 15% vol/vol EG and DMSO, for 5, 5 and 10 s, respectively. Finally, oocytes were transferred in a 20-ml drop of VS, loaded into cryotips, sealed and plunged in liquid nitrogen within 60 s of transfer to the VS drop.
For warming, cryotips were swirled for 3 s in a 378C water bath. Oocytes were sequentially transferred in two 20 ml drops of 1 M sucrose for 1 min each, two 20 ml drops of 0.5 M sucrose for 2 min each and washed in three 20 ml drops of DPBS-SPS for 2 min each. The thawed oocytes were cultured in 20 ml drops of Cleavage Medium (Cook) under mineral oil at 378C, 6% CO 2 for 1 h before loading with the Ca 2+ indicator fluo-4/AM or for 2 h before fixation for transmission electron microscopy.
Ultrastructure and morphometrical analysis
Procedures were carried out at RT unless otherwise stated. MII fresh (F, n ¼ 14) and surviving slow-frozen (SF, n ¼ 16) and vitrified (V, n ¼ 17) oocytes were fixed, within 2 -3 h of collection or 2 h after thawing, in 2.5% glutaraldehyde (SIC, Rome, Italy) in 0.1 M sodium cacodylate (SIC), pH 7.3, washed three times for 10 min in the same buffer, post-fixed in 1% osmium tetroxide (SIC) in 0.1 M sodium cacodylate, pH 7.3, on ice, washed three times for 10 min in the same buffer, treated in 0.1% tannic acid in cacodylate for 10 min and dehydrated in ascending series of ethanol (Carlo Erba Reagenti, Milan, Italy) on ice. Oocytes were treated twice for 5 min with propylene oxide (Fluka Chemika), infiltrated in 1:1 propylene oxide/Epon 812 (Agar Scientific, Stansted, UK) overnight and individually embedded in fresh resin. Thick (0.5 -1 mm) and thin (60-80 nm) sections were cut with a diamond knife (Diatome, Switzerland) at a Reichert-Ultrastructure and [Ca 2+ ] i in cryopreserved human oocytes Jung Ultracut E ultramicrotome and, respectively, collected on glass slides or 200 mesh thin bar copper grids (SIC). Thick sections were stained with 0.1% Toluidine Blue in sodium borax, examined by light microscopy (Zeiss Axioskop) and photographed using a Nikon DS cooled camera head DS-5Mc connected to a Nikon DS Camera Control Unit DS-L1. Thin sections were stained with saturated uranyl acetate in methanol and Reynold's lead citrate and observed and photographed at a Philips EM 208 S electron microscope at 80 KV. Morphometry of CG numerical density was carried out on images acquired at a magnification of ×7100 of the whole surface profile on 2 -3 equatorial sections for each oocyte. CG density was expressed as CG number per 10 mm of oocyte surface profile. The same image series were analysed to determine the mean area of vesicles, the presence of vacuoles (diameter ≥1.5 mm) and organelle inward displacement, in the pericortical cytoplasm of fresh and cryopreserved oocytes. The presence of vacuolization in fresh and cryopreserved oocytes was calculated as number of vacuoles with a diameter ≥1.5 mm 100 mm 22 of ooplasm. Organelle inward displacement was calculated by measuring its extension per 100 mm of oocyte surface profile. The presence of structurally degenerated mitochondria was evaluated on images of the pericortical cytoplasm acquired at a magnification of ×10 000 -20 000 and expressed as percentages.
Intracellular calcium analysis
Fresh and thawed oocytes (1 h post thawing culture) were incubated in Cleavage Medium supplemented with 10 mM cell permeable fluo-4/AM (Invitrogen, Milan, Italy), 0.02% Pluronic F-127 (cell culture tested; Sigma-Aldrich) for 30 min at 378C, 6% CO 2 . Then oocytes were further incubated 30 min in Cleavage Medium alone to allow de-esterification of the dye. Individual oocytes were then held in 1 ml of DPBS-SPS in a glass bottom dish (with the aid of a holding pipette) on a heated stage at 378C, on a Nikon TE 2000 fluorescence microscope equipped with a Nikon Intensilight C-HGFI, a Nikon DS cooled camera head DS-5Mc connected to a Nikon DS Camera Control Unit DS-L1 and a Prior Proscan TM II advanced controller (Prior Scientific, Rockland, MA, USA) connected to the computer. Time lapse analysis was carried with a 40× objective and images were acquired at intervals of 10 s for up to 10 min by means of Nikon NIS-Element Imaging AR 3.0 software (Nikon Instruments Spa, Florence, Italy). After the first two acquisitions of each sequence, to ensure a rapid and even exposure to the ionophore, 1 ml of 20 mM A23187 in DPBS-SPS was added to the glass bottom dish to achieve a final concentration of 10 mM. Sequences were analysed by means of Nikon NIS-Element Imaging AR 3.0 and relative fluorescence intensities (RFI%) were calculated by normalizing the intensity after addition of Ca 2+ -ionophore A23187, against oocyte basal levels. The recovery of [Ca 2+ ] i to the basal levels at a given time was expressed as percentage of the peak value.
Statistical analysis
The data are presented as the mean + SD. Overall, analysis was performed by Fisher's exact test or by the estimate model of ANOVA (Statistical Analysis System Institute, Inc., 1988) followed by the Tukey's honestly significant difference test for pairwise comparisons when overall significance was detected.
Results
Ultrastructure and morphometry of fresh, vitrified and slow-frozen oocytes Survival rates of cryopreserved oocytes after post-thawing culture were 83.7% (31 of 37) for vitrification and 74.4% for slow freezing (32 of 43; P . 0.05). Transmission electron microscopy analysis was performed on 14 F, 16 V and 17 SF oocytes. Figure 1a shows the typical ultrastructure of a representative F oocyte. F oocytes were characterized by long and thin microvilli projecting into a narrow subzonal space, numerous and highly electron-dense CGs arranged in single or multiple rows, and vesicles evenly distributed in the ooplasm that are regarded as elements of the smooth endoplasmic reticulum (Sathananthan et al., 2006 , and references therein), derived from large peripheral aggregates of smooth endoplasmic reticulum tubular cisternae (Fig. 1a, inset; Nottola et al., 2007, 2009, and references therein) . Numerous mitochondria were uniformly scattered within the pericortical cytoplasm. Mitochondria were characterized by a few cristae rarely crossing an electron-dense matrix. As reported previously (Gualtieri et al., 2009) , the numerical density of CGs was variable both in different oocytes and within single oocytes. Vacuoles, 1.5-3 mm in diameter, with interrupted limiting membrane, and a translucent content were retrieved in 14.3% of F oocytes analysed (number of vacuoles/100 mm 2 : 0.2-0.5; Table I) . Figure 1b and c shows two examples of good ultrastructural preservation in V and SF oocytes, respectively. However, some ultrastructural alterations were evident even in cryopreserved oocytes retaining a good ultrastructural preservation. In fact, in both V and SF oocytes, the number of CGs was markedly decreased and vesicles were swollen (Fig. 1b and c) . A cytoplasmic pericortical layer 5 -10 mm thick beneath the oolemma was cleared of mitochondria and vesicles in the SF oocyte depicted in Fig. 1c . This feature, previously reported in slow-frozen oocytes (Gualtieri et al., 2009) , indicates that cryopreservation may induce an inward displacement of mitochondria and vesicles from the pericortical towards the deeper cytoplasm. Figure 2a shows a V oocyte with a greatly decreased number of CGs and a marked swelling of vesicles. The incidence of vacuolization in V ( Fig. 2b ) and SF oocytes ( Fig. 2c ) was 31.0 and 64.7%, respectively (number of vacuoles/100 mm 2 : V, 0.2-0.8; SF, 0.2-1.8) ( Table I) . Association of exocytosed CG contents with the oocyte surface was detected in some cryopreserved oocytes (Fig. 2b) . A variable fraction of pericortical mitochondria with decreased electron density of the matrix and/or with ruptures of the outer and inner membranes was observed in 12.5 and 72.0% of V and SF oocytes, respectively ( Fig. 3a and b ; Table I ). Morphometrical analysis showed that the fraction of degenerated mitochondria in single cryopreserved oocytes ranged from 7 to 23% (V, 7 -16%; SF, 9-23%). Organelle inward displacement was detected in more than half of SF oocytes analysed (range 4.1 -57.7/100 mm oocyte surface profile), whereas this damage was rarely detected in V oocytes (53.0 versus 6.3%; range 3.6 -27.8/100 mm oocyte surface profile) ( Fig. 3c and d ; Table I ).
Morphometrical analysis (Table I) demonstrated that CG numerical density was significantly (P , 0.01) reduced in cryopreserved versus fresh oocytes. Although the extent of CG reduction was more pronounced in SF than in V oocytes, the difference was not statistically significant. In cryopreserved oocytes, vesicles were significantly swollen compared with their fresh counterparts (P , 0.01). Interestingly, although V oocytes had slightly higher incidences of vacuolization, mitochondrial degeneration and organelle inward displacement compared with F oocytes, these differences were not significant. On the other hand, in SF oocytes, all these features were significantly different compared with both F (P , 0.01) and V oocytes (vacuolization, P , 0.05; mitochondrial degeneration and organelle inward displacement, P , 0.01). The extent of ultrastructural damage observed was not related to the oocytes retrieved from specific patients.
Intracellular Ca 21 response to ionophore A23187 in fresh, vitrified and slow-frozen oocytes Time lapse analysis of Ca 2+ responses to A23187 demonstrated that all oocyte groups were able to increase [Ca 2+ ] i . Figure 4 shows the average RFI% increase in fresh and cryopreserved oocytes. In ionophore addition, reaching a peak at 80-90 s, and then recovering to basal levels within 220 s. In V oocytes, [Ca 2+ ] i elevations were substantially similar to those recorded in F oocytes. However, the [Ca 2+ ] i increase was slightly delayed, starting at 30 -40 s, i.e. at 20-30 s after ionophore addition, reaching a peak at 100 -110 s, and then recovering to basal levels at 240 s. In SF oocytes, although the initial Ca 2+ response was similar to that observed in F oocytes (start, 20 -30 s; peak, 90 -100 s), the ability to recover [Ca 2+ ] i to basal levels was severely compromised. In fact, the RFI% at 220 s was still 71% of the peak value, and this slowly recovered to 8.8% at 600 s. Table II shows the RFI% values of fresh and cryopreserved oocytes and indicates that, despite a high standard deviation, the peak average increase in SF oocytes was significantly higher than in both F (P , 0.05) and V (P , 0.01) oocytes and that the ability of SF oocytes to recover [Ca 2+ ] i to basal levels was markedly reduced compared with both V and F oocytes (P , 0.01; RFI at 220 s/RFI peak X 100: F, 0; V, 5.6; SF, 71).
Discussion
Although the first birth from a cryopreserved oocyte was reported more than 20 years ago, the efficiency of oocyte cryopreservation has been rather unsatisfactory for several years. Only recently the development of oocyte vitrification and the refinement of slowfreezing methods have improved the clinical outcome of oocyte cryopreservation allowing clinics to offer patients this option for fertility preservation (Kuwayama et al., 2005; Bianchi et al., 2007; Parmegiani et al., 2008; Cobo et al., 2009; Borini and Coticchio, 2009) . Currently, there is intense debate on the relative efficacy of slow freezing and vitrification in the maintenance of oocyte developmental competence ( Gook and Edgar, 2007; Borini and Coticchio, 2009; Vajta et al., 2009; Smith et al., 2010) . A review of clinical studies has shown that slow cooling of human oocytes dehydrated using PrOH and 0.3 M sucrose results in poor implantation relative to fresh oocytes (Gook and Edgar, 2007) and is associated with ultrastructural damage (Nottola et al., 2007; Gualtieri et al., 2009 ). However, this may not be the case when 0.3 M sucrose cryopreservation is carried out within 2 h of oocyte retrieval (Parmegiani et al., 2008 (Parmegiani et al., , 2009 or when using other slow-freezing procedures that involve differential sucrose concentrations during dehydration and rehydration . In contrast, others have shown similar ultrastructural appearance (Nottola et al., 2009) , developmental competence (Cobo et al., 2008) and implantation rates with the EG-DMSO vitrification procedure compared with fresh oocytes (Cobo et al., 2010; Ubaldi et al., 2010) .
Recently, we reported that cryopreservation causes a series of ultrastructural and functional damage that might compromise oocyte Ca 2+ signalling and developmental competence (Gualtieri et al., 2009 (Gualtieri et al., , 2010 . The main aims of the present paper were to compare the efficacy of slow freezing with 0.3 M sucrose and closed vitrification with DMSO and EG in the preservation of the ultrastructure and of a correct Ca 2+ response to the ionophore A23187 in thawed oocytes. The findings demonstrated that the vitrification method adopted herein preserves the ultrastructure and the Ca 2+ response to ionophore A23187 significantly better than the 0.3-M sucrose slowfreezing protocol. Although the first parameter to consider in the Ultrastructure and [Ca 2+ ] i in cryopreserved human oocytes evaluation of oocyte cryopreservation methods is the survival rate at thawing, it is now clear that many surviving oocytes are unable to develop into embryos capable of implantation and development to term (Levi Setti et al., 2006) . Ultrastructural analysis represents an elective means to assess subtle cryodamage that does not affect survival but can be responsible for this reduced developmental competence. In the present study, the survival rates of vitrified and slow-frozen oocytes were similar, whereas pronounced and significant differences were found in some of the ultrastructural features analysed. Morphometrical analysis of the number of CGs per linear surface profile demonstrated that the CG complement of slow-frozen and vitrified oocytes is about one-third and half of that found in fresh oocytes, respectively. A reduction in CGs in oocytes cryopreserved through either slow cooling and vitrification has also been reported (Ghetler et al., 2006; Nottola et al., 2007 Nottola et al., , 2008 Nottola et al., , 2009 Gualtieri et al., 2009; Coticchio et al., 2010; Bonetti et al., 2011) . The observation of ultrastructural aspects of exocytosis (Gualtieri et al., 2009, and herein) demonstrates that the observed numerical reduction is due to some CG exocytosis. Since CG exocytosis is physiologically triggered by transient Ca 2+ elevations in response to sperm fusion, it is possible that different cryoprotectants and/or the cold are responsible for this effect. In mouse oocytes, ProH, DMSO and EG have been reported to cause [Ca 2+ ] i elevations as well as zona hardening (Vincent et al., 1990; Larman et al., 2006 Larman et al., , 2007b . Although for human oocytes specific research on the effect of cryoprotectants on [Ca 2+ ] i is lacking, electron microscopy studies show that exposure of human oocytes to ProH or DMSO induce CG exocytosis (Schalkoff et al., 1989; Ghetler et al., 2006) . In the present paper, cryopreservation has been shown also to induce a swelling of vesicles and damage to mitochondria in the pericortical cytoplasm. Vesicles in slow-frozen and vitrified oocytes were swollen to the same extent, whereas a low percentage of degenerated mitochondria were more frequently detected in slow-frozen than in vitrified oocytes (72.0 versus 12.5%). However, we recently demonstrated that even a low proportion of mitochondrial structural degeneration corresponds to a complete loss of mitochondrial functionality in the pericortical region of oocytes cryopreserved through 0.3 M sucrose slow cooling (Gualtieri et al., 2009) . This finding suggests that mitochondria can be functionally damaged well before they undergo a morphological deterioration detectable with the electron microscope. Other authors have recently detected degenerated mitochondria both in slow and vitrified human oocytes, with a higher incidence in oocytes vitrified in closed compared with open devices (Bonetti et al., 2011 ), whereas Nottola et al. (2009 did not detect an effect of vitrification on mitochondria using open devices. In the present paper, oocytes were vitrified with a closed vitrification device and a slightly higher but not significant incidence of mitochondrial cryodamage was detected compared with fresh oocytes.
About a half of slow-frozen oocytes versus only 6% of vitrified oocytes showed pericortical areas cleared of mitochondria and vesicles suggesting an inward displacement of these organelles towards the deeper cytoplasm. An inward displacement of cortical organelles that has been associated with the development of cortical vacuoles has been recently reported in vitrified oocytes (Bonetti et al., 2011) . Nottola et al. (2007) observed a slight to moderate microvacuolization in oocytes slow cooled with 0.1 and 0.3 M sucrose but did not observe an inward displacement of cortical organelles. Since in the present paper this alteration was observed independently of the development of vacuoles, other damage, possibly cytoskeleton perturbations, may be responsible for this displacement. Microtubules and actin microfilaments interact with mitochondria and the latter are reported to be implied in the immobilization of mitochondria at the cell cortex or at sites of high ATP utilization (Boldogh and Pon, 2006) . The effects of cryoprotectants on microtubule dynamics have been extensively studied (Johnson and Pickering, 1988; Rienzi et al., 2004; Gook and Edgar, 2007; Larman et al., 2007a; Noyes et al., 2010) , whereas only limited data are available on their action on the actin cytoskeleton. Interestingly, PrOH, and not DMSO, is able to disrupt cortical actin microfilaments in rabbit oocytes (Vincent et al., 1989) . Data herein collected show that cryopreservation may induce microvacuolization, CG exocytosis, swelling of vesicles, mitochondrial damage and inward displacement of pericortical organelles. Since these organelles are involved in the generation of Ca 2+ transients at fertilization these findings raise concerns about the ability of cryopreserved oocytes (in particular of slow-frozen oocytes) to correctly elevate [Ca 2+ ] i in response to the injected spermatozoon. To evaluate whether cryodamage may alterate the [Ca 2+ ] i dynamics at oocyte activation, we studied the [Ca 2+ ] i response to the ionophore A23187 in fresh and cryopreserved oocytes. [Ca 2+ ] i analysis showed that all oocyte groups were able to increase [Ca 2+ ] i in response to the ionophore A23187. To our knowledge, this is the first study demonstrating that cryopreserved oocytes are able to increase [Ca 2+ ] i similarly to fresh oocytes. In contrast, a previous study on a limited number of samples showed that the A23187 induced a [Ca 2+ ] i increase in oocytes frozen using a slow-freezing protocol with 0.2 M sucrose was reduced 8-fold in respect to their fresh counterparts (Jones et al., 2004) . Such discrepancies could be due to differences in freezing methods. Under our experimental conditions, although the average [Ca 2+ ] i peak had a relatively high standard deviation in all oocyte groups, a significant difference was observed in SF oocytes compared with both F (P , 0.05) and V oocytes (P , 0.01). In SF oocytes, the [Ca 2+ ] i peak was significantly higher and the recovery of [Ca 2+ ] i to basal levels was significantly delayed with respect to both F and V oocytes. These data are in agreement with the hypothesis that the higher mitochondrial damage and inward displacement of cortical organelles detected in SF oocytes may compromise the physiological Ca 2+ response at activation. Ca 2+ signalling at oocyte activation controls both early and late events of embryo development such as CG exocytosis, cell cycle resumption and recruitment of maternal mRNAs (Ducibella et al., 2002) , as well as the ability of blastocysts to implant or develop post-implantation (Ozil et al., 2006) . Mitochondria play a key role in Ca 2+ signalling at fertilization as their integrity is absolutely required to maintain basal [Ca 2+ ] i in the unfertilized oocyte and to recover to basal levels once [Ca 2+ ] i oscillations begin at fertilization (Dumollard et al., 2004 (Dumollard et al., , 2007 . Moreover, a reduced ATP production has been reported recently in vitrified human oocytes (Manipalviratn et al., 2011) and in slow-frozen rabbit oocytes where this reduction was higher than after vitrification (Salvetti et al., 2010) .
Overall, the present study provides new insights about cryodamage that may reduce the developmental competence of human oocytes and indicates that the present vitrification procedure preserves the physiology of organelles involved in Ca 2+ signalling better than the 0.3-M sucrose slow-freezing method.
